A novel formulation and synthesis method to overcome the thickness limitations in samples of photopolymerizable glasses with high refractive index species is presented. The reported method allows the recording of volume holographic diffraction gratings in samples of $500 lm thickness with a high optical quality and low scattering. Holographic grating recording is performed in a single coherent light exposure step, resulting in volume gratings of high optical quality. A holographic notch filter implemented in a 500 lm thick photopolymerizable glass with a spectral bandwidth below 0.3 nm and an excellent filter extinction ratio of <À27 dB is also demonstrated.
A novel formulation and synthesis method to overcome the thickness limitations in samples of photopolymerizable glasses with high refractive index species is presented. The reported method allows the recording of volume holographic diffraction gratings in samples of $500 lm thickness with a high optical quality and low scattering. Holographic grating recording is performed in a single coherent light exposure step, resulting in volume gratings of high optical quality. A holographic notch filter implemented in a 500 lm thick photopolymerizable glass with a spectral bandwidth below 0.3 nm and an excellent filter extinction ratio of <À27 dB is also demonstrated. Holographic filters are fundamental components used in a variety of applications, such as microscopy, 1 pattern recognition, 2, 3 beam transformation, 4 chemical spectrum identification, 5 and general narrowband filtering, 6 to name a few. In particular, holographic recording materials are ideal candidates for implementing narrow-band notch filters based on Bragg diffraction gratings, 7, 8 often used for Rayleigh line suppression in Raman spectroscopy. [9] [10] [11] For the development of high-performance filters with a narrow stop-band and a high extinction (central wavelength rejection) ratio, a holographic medium with a high dynamic range, superior optical quality, and large thickness is required. 12 Photopolymerizable materials have shown excellent performance in terms of dynamic range and optical quality. 13, 14 However, organic polymeric binders used in holographic polymers are typically limited in thickness to less than a few hundred micrometers. Also, dimensional changes induced by light exposure (material shrinkage) or temperature variations can distort the hologram and alter the designed spectral response of the filter.
A new class of holographic material based on organically modified sol-gel glass was developed by Cheben et al. 15, 16 The material is an organic-inorganic photosensitive glass comprising a silicate sol-gel matrix which incorporates monomeric and photoinitiator species. When exposed to an interference pattern at an actinic wavelength, the photoinitiator is activated and the polymerization of the free monomers takes place. Additionally, a diffusion of monomer takes place from the dark towards the illuminated regions where the monomer concentration is depleted. 15 The refractive index modulation Dn of up to 5.6 Â 10 À3 and diffraction efficiencies close to 100% were reported for this type of material. 16 The refractive index modulation was subsequently enhanced to $0.01 by incorporating a zirconium-based high refractive index species (HRIS) to the photopolymerizable glass. 17 Zirconium isopropoxide Zr(O i Pr) 4 high index species was introduced at a molecular level to minimize scattering loss. The incorporation of ZrO 2 nanoparticles to polymeric films has also been demonstrated to increase material dynamic rage. 18 Photopolymerizable glasses have also proven to withstand a high pulsed laser energy without degradation of the recorded diffraction gratings. 19 The high dynamic range and optical quality of photopolymerizable glasses make them candidates for volume holographic recoding. [20] [21] [22] However, in order to implement holographic filters with high spectral selectivity, a photopolymerizable holographic recording material with thickness of the order of 500 lm or more is required.
In this paper, we present a new formulation and synthesis method for a photopolymerizable glass incorporating HRIS that allows the fabrication of samples with typical thickness of about 500 lm, as required for applications in holographic filters with high spectral selectivity. The dependence of the photomaterial performance on sample thickness is analyzed, including the angular selectivity, dark diffusion, scattering, and optical quality. A narrowband notch filter implemented in a 500-lm-thick photopolymerizable glass is presented.
The paper is organized as follows: Sec. II presents the novel formulation and synthesis procedure for preparation of samples with increased thickness. Section III is dedicated to the experimental characterization of the fabricated samples. In particular, characteristics of samples with thickness ranging from 50 to 500 lm are compared and the relation between sample thickness and holographic performance is analyzed. In Sec. IV, we present a notch filter implemented in a 500-lm-thick photopolymerizable glass. Discussions and conclusions are presented in Sec. V.
II. SAMPLES PREPARATION
In order to overcome the thickness limitation of the photopolymerizable glass samples with HRIS, some modifications were introduced to the synthesis method previously disclosed. 17 Here, we summarize the modified method, with more details described in the Appendix. First, the concentration of HRIS in the samples was reduced compared to Ref. 17 Second, instead of the microscope slides, we used Petri dishes to contain an increased amount of the sol-gel solution.
Once the solution was cast on the dish, each sample was individually sealed using wax paper and stored in an oven with a controlled temperature of 40 C and a relative humidity of 25%. Samples with thicknesses ranging from 50 to 500 lm were prepared. The process lasted up to 14 days for the thickest samples. As the gelation evolved, oxygen flow was progressive allowed to the sample by making additional small holes in the wax paper sealing, in order to avoid abrupt changes in the environmental conditions which could result in cracking and surface deterioration.
III. SAMPLES HOLOGRAPHIC CHARACTERIZATION A. Holographic recording and characterization setup
Transmission volume phase holographic gratings (VPHG) were recorded in the photopolymerizable glass samples by interference of two coherent s-polarized beams using a Mach-Zehnder interferometer with a single-frequency solid state laser at a wavelength of 532 nm (Oxxius 532 S). Beams with equal intensities of 7.5 mW/cm 2 were used for maximal visibility of the interference fringes. A spatial frequency of 500 lines/mm was obtained using incidence angles of 67.9 from the sample normal. Samples were stabilized by exposure to incoherent light after the holographic gratings recording.
A non-actinic probe beam from a He-Ne laser at 632.8 nm wavelength with an output power of 0.5 mW (Newport ULMTILT) was used for real-time monitoring of the evolution of the grating formation. Angular selectivity of the recorded gratings was characterized by placing the sample on a high-precision rotation platform and measuring the 1st Bragg diffraction order using the He-Ne laser. Refractive index modulation values were obtained by fitting the measured angular selectivity curve to the theoretical expression from Kogelnik's coupled wave theory for light diffraction by dielectric transmission volume gratings
where n o is the refractive index of the photomaterial prior to holographic exposure, h 0 is the Bragg angle, T is the sample thickness, and g is the diffraction efficiency. The latter was calculated as g ¼ P À1 /P 0 , where P À1 is the power in the À1st diffraction order and P 0 is the power in the probe beam incident on the sample.
B. Diffraction efficiency and angular selectivity Figure 1 shows the angular selectivity curves of three diffraction gratings with thicknesses 150 lm, 260 lm, and 500 lm. It can be observed that the angular selectivity curves fit well to the theoretical response near Bragg's angle, confirming that the gratings were efficiently recorded in the entire volume of the sample. The increase of angular selectivity with sample thickness is observed, as expected. For the 500 lm thick grating, a 50% (3 dB) roll-off is achieved for a 0. 15 detuning from the Bragg angle (9.4 for the read-out laser at 632 nm). The ratio between the maximum diffraction efficiency and the intensity of secondary lobes is only 0.04 (À14 dB).
In Fig. 1 , the angular selectivity curve for the 500 lm diffraction grating corresponds to a diffraction efficiency of 80% at Bragg's angle. This specific value is limited by the overexposure, and higher diffraction efficiency values close to 100% theoretical limit can be achieved. This is shown in Figure 2 , where the evolution of the diffraction efficiency is plotted after the recording pulse with a maximum diffraction efficiency of 99% approximately 7 s following the recording pulse. As a result of the high dynamic range of the sample, the refractive index modulation keeps increasing after this point, resulting in the overmodulation and a corresponding decrease in diffraction efficiency. The evolution of the grating formation is further discussed in Sec. III C.
Since diffraction efficiencies close to 100% can be readily obtained, and given the high thickness and dynamic range of the synthesized samples, highly selective holographic filters, both angularly and spectrally, can be implemented in our photopolymerizable glass. Additionally, the recording of gratings with spatial frequencies exceeding 4000 lines/mm was demonstrated in our material. 24 This provides an additional degree of freedom to further increase the spectral and angular selectivity of our grating filters, if demanded by specific applications.
C. Dark diffusion and sensitivity
As a result of the polymerization of the monomer species in the illuminated regions, spatial nonuniformities in the distribution of the monomer and HRIS are induced during the exposure in our material. These concentration gradients trigger a migration of the monomer and HRIS from monomer/HRIS rich (dark fringes) regions to monomer/HRIS depleted regions (bright fringes) of the interference pattern. As the diffused species are polymerized, the refractive index modulation of the grating is further increased. The diffusion, which occurs in the absence of light, and the subsequent Dn evolution, is referred to as "dark diffusion," and stops when the composition reaches its chemical equilibrium. In the case of the photopolymerizable glass with HRIS, dark diffusion mechanism can be modeled using the weighted sum of two exponential functions 25, 26 DnðtÞ ¼ C M ½1 À expðÀt=s M Þ þ C Zr ½1 À expðÀt=s Zr Þ; (2) where exponential weight factors, C M and C Zr , account for the partial contributions of monomer and Zr-based HRIS components, respectively, to the overall Dn value. The diffusion time constants s M and s Zr , account for the different diffusion speeds of the two respective species, namely s M < s Z . This double-exponential behaviour is observed in Fig.  3(a) , which shows the temporal evolution of Dn after a recording pulse for several gratings with thicknesses ranging from 50 to 500 lm. The samples show a high sensitivity, which allows diffraction gratings to be recorded with a single pulse of 1 s and 15 mW/cm 2 . An induction period of 2 to 3 s with a comparatively slow response is followed by a fast evolution with Dn increasing as in Eq. (2). The curves slopes are proportional to the Dn resulting from a single exposure at a given energy. This parameter increases progressively with the thickness of the sample, allowing to reach high refractive index modulations with low exposure light powers, as it is shown in Fig. 3(b) .
Time constants s M and s Zr are found to be similar for the analyzed samples, as the speed of the diffusion is determined by the composition of the glass matrix with little influence of the sample thickness. By fitting the experimental curves to Eq. 
D. Scattering and optical quality
The samples under investigation presented a high optical quality with low scattering. Residual noise grating formation angular selectivity measurements are presented in Fig. 4 , with a negligible scattering penalty as the sample thickness increases. In these measurements, the build-up of a noise grating would be shown as a dip in diffraction efficiency near Bragg resonance, but no such dip is observed for our samples, indicating high optical quality and low scattering. Furthermore, diffraction efficiency variations in the analysed angular range are within a 1% range, even for the thickest samples, demonstrating the low scattering of the samples. Figure 5 shows the He-Ne readout beam intensity distribution in (a) free space, (b) transmitted through a 500 lm thick unexposed photopolymerizable glass; (c) transmitted through the same 500 lm thick photopolymerizable glass after exposure to 15 mW/cm 2 1-s pulse. Strong speckle is initially observed (Fig. 5(c) ), caused by light scattering at sample surface irregularities. We mitigated the surface scattering by using a refractive index matching liquid (Norland Index Matching Liquid 150, n ¼ 1.52), as it is shown in Fig.  5(d) , achieving a good beam quality.
IV. HOLOGRAPHIC NOTCH FILTER
The available thickness range of our photopolymerizable glasses allows the implementation of high-quality filters for various applications. As an example, a holographic notch filter was implemented in a 510-lm-thick sample, which is the upper thickness limit that was achieved with the described synthesis method without resulting in fractures or uneven gelation. Samples with thickness in the 0.5-1 cm range could likely be achieved by judiciously tailoring the preparation process and by reducing their HRIS concentration. The filter was recorded by interference of two coherent s-polarized beams from a solid-state laser at 532 nm with an incidence angle of 48.1 , yielding a grating spatial frequency of 2800 lines/mm. A single pulse exposure (3 mJ/cm 2 flux, 1 s duration) was used to achieve maximal diffraction efficiency and a high quality grating. Figure 6 shows the experimental measurement of the spectral response of the filter, characterized using a He-Ne laser at 632.8 nm with incidence angles centred at the Bragg angle of 62. 3 . A À3 dB bandwidth of 0.3 nm is achieved, with a maximum suppression of À27.5 dB and a flat response for off-Bragg wavelengths with minimal ripple (<À0.1 dB). The central wavelength of the device can be readily tuned either by modifying the operational angle of incidence or by adjusting the inter-beam during the recording of the filter.
It is obvious that the same device can also be used as a passband filter for the diffracted beam, with the same bandwidth as the notch filter for the transmitted beam. An extinction ratio exceeding À20 dB is achieved, with sidelobes level of À15 dB (Fig. 6, grey dashed curve) . The limiting factor which determines this sidelobe level is the theoretical angular selectivity curve of a diffraction grating recorded by interference of two plane wavefronts, as defined by Kogelnik's expression. 23 Sidelobe level could be potentially optimized by judiciously tailoring the shape of the recording beams with a spatial modulator. Absorption losses are negligible, with the main loss factor being reflections at the facets of the device ($4% per facet for normal incidence), which if required can be compensated using an antireflective coating. Overall, the filter presents a very good optical quality and low scattering for both transmitted and diffracted beams, similar to those shown in Sec. III.
V. CONCLUSIONS
We reported a modified composition and method for developing photopolymerizable glasses incorporating HRIS with large thickness ($500 lm). Fabricated samples have shown low scattering, and high diffraction efficiency and dynamic range, allowing to tailor holographic filters with high optical quality and selectivity, both angularly and spectrally. The high sensitivity of the photomaterial with HRIS and enhanced thickness allows to record the filter with a single short light pulse. The grating is formed after exposure by internal diffusion of the monomeric species and HRIS inside the glass matrix, thus preventing surface roughness to be transmitted to the grating by subsequent light pulses and reducing the resulting scattering. A high-quality narrowband notch filter has been fabricated with the disclosed method, demonstrating the potential applications of these photopolymerizable glasses for various purposes such as as spectrometry, microscopy, and optical instrumentation, including high power instrumentation due to their high laser damage threshold.
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APPENDIX: SAMPLE PREPARATION
The chemical procedure for the synthesis of the photopolymerizable glass incorporating HRIS was reported in detail in Ref. 17 ; here we summarize the basic steps.
The silica sol is prepared by acid hydrolysis of glycidoxypropyltrimethoxysilane (GPTMS) and tetraethylorthosilicate (TEOS). The molar ratio between GPTMS and TEOS is selected to minimize the shrinkage of the photopolymerizable glasses after light exposure. 27 Molarities of the hydrochloric acid solution are also selected to ensure all water is consumed during the hydrolysis. After 10 min of vigorous stirring, a solution of IRGAGURE-784 photosensitizer in Phenoxyethyl acrylate (POEA) is added. A solution of zirconium isopropoxide isopropanol complex in methacrylic acid is added to the mixture after an additional 10 min. The resulting solution is filtered with a 0.2 lm millipore filter.
Films of thickness up to 500 lm were obtained by casting the filtered solution on glass Petri dishes. Samples were sealed with wax paper and left to dry in the dark at a controlled temperature of 40 C for 14 days prior to hologram recording. Oxygen flow to the sample was progressively increased by performing small holes in the wax paper sealing. A stable relative humidity of 25% was maintained during the gelation process.
